Hd-AIS* 


•71 


THE  AOVENT  OF  HIGH  TEMPERATURE  SUPERCONDUCT I NO 
MATERIALS  CHRONOLOQV  OF  E. .  (U>  NORTH  CAROLINA  UNIV  AT 
CHAPEL  HILL  OEPT  OF  CHEHISTRV  H  E  HATFIELD  M  JAN  M 
UNCLASSIFIED  TR-28  MM14-7<-C-*81C  F/Q  28/2 


1/1 

NL 


‘  t  V;iNul,fclV^r»N 


unclassified 


U.  REPO 


AD- A 190  871 


2»  SECU 


2b.  DECLASSIFICATION  /  DOWNGRAOI 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 


ST^SHI 

mtn 

lUMENTATlOW  PAGI 

I  lb  RESTRICTIVE  manEn 


m  distribution i avanamuty  of  report 

Approved  for  Public  Release 
Distribution  Unlimited 


S  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


&■  NAME  OF  PERFORMING  ORGANIZATION  1 6b  O 

Department  of  Chemistry  I 
University  of  North  Carolina 


6c  ADDRESS  (Gfy,  Stitt,  tnd  ZIP  Cod*) 


6b  OFFICE  SYMBOL 
(If  ippikible) 


Chapel  Hill,  North  Carolina  27514 


3«.  NAME  OF  FuNOiNG/ SPONSORING 
ORGANIZATION 


St.  AOORESS  (City.  Stitt.  tnd  HP  Cod*) 


8b  OFF  CE  SYMBOL 

(If  iopltablt) 


7*  NAME  OF  MONITORING  ORGANIZATION 

Office  of  Naval  Research 


7b  ADDRESS  (City,  Stitt,  end  ZIP  Cod*) 

Department  of  the  Navy 
Arlington,  VA  22217 


9  PROCUREMENT  INSTRUMENT  CtNT.F'CATiON  NUMBER 

N00014-76-C-0816 


10  SOURCE  OF  FUNDING  NUMBERS 


OROGSAM 
?. EVENT  NO 


PROJECT 

NO 


Ai OR*  UNIT 
ACCESSION  NO 


’’  T|TU  Unclad*  Security  citsuhation)  UNCLASSIFIED:  The  Advent  of  High  Temperature  Supercon- 
ducting  Materials:  Chronology  of  Events  and  Hallmark  Developments 


•l  =£RSCNAl  auTMOR(S) 

William  E.  Hatfield 


13b  time  covered 
from _ ro 


'4  DATE  OF  REPORT  (Y*tr.  Month.  Oty) 

January  9,  1988 


6  Supplementary  notation 

Technical  Report  No.  28 


'  7  COS  ATI  COOES  '8  SU0.EC’  'SR  VS  ( Contmu *  on  reverse  if  *nd  identify  by  block  number) 

;_£ld  group  subgroup  "^superconductivity,  Meissner  effect^ diamagnetism  | 

- London  theory  ,  Cooper  pairs  Ginsloerg-Landau  theory 

- - L-  ,  ,  liTosep  ha  on.  effect  Jiiaft,  LemBatatura.aupp.cr.nndur.tQra  L 

-9  A3VV»ACT  (Contmu*  on  reverse  it  necessity  tnd  identify  by  block  number > ' 

The  events  that  led  to  the  discovery  of  high  temperature  superconducting^ 
materials  is  reviewed  in  a  chronological  fashion  beginning  with  the  discovery 
of  superconductivity  in  mercury  by  H.  K.  Onnes.  The  signature  properties  of 
superconductivity  are  described,  the  basic  theoretical  framework  necessary  to 
understand  superconductivity  is  briefly  sketched,  and  the  properties  that  lead 
to  technological  applications  are  discussed.  Finally,  the  properties  of  LaBCO 
and  YBCO  are  described,  and  the  possibility  of  technological  applications  is 
discussed.  ,  -  i 

[A  i  '  r  •  ■ 


’8  5u8.EC’  TERMS  ( Continue  on  reverse  if  , 


;i  Distribution  i  availability  of  abstract 
OuNClASSlFiEO/UNUMlTED  GQ  SAME  AS  RPT  □  D’C  -SERS 


i2e  NAME  OF  RESPONSIBLE  NOiV'OUAl 

Hatfield  _  _ 


DO  FOAM  1473, 84  mar  83  apr«q  t  on  o*  ,i*a  „nt>i  t*fuutt*d 

All  Otl'Vf  RC't  C*1  »•«  SblOiRtt 


21  ABSTRACT  SECURITY  CLASSIFICATION 

□  d’C-SERS  UNCLASSIFIED  _ 


22b  telephone  flndwdb  Are*  Code)  22 c  OFFiCE  symbol 

919-966-2297  . 


'  3*  .1*0 -.ntii  «*-nutt*b  SECURity  CLASSIFICATION  OF  th.S  PAGE 

*f  *c.t  c*i  »’*  3bioi*t#  UNCL\S4TJ'IED 


t 


OFFICE  OF  NAVAL  RESEARCH 
Contract  N00014-86-K-0608 
R&T  Code  41 3a001 -000-01 
TECHNICAL  REPORT  NO.  28 

The  Advent  of  High  Temperature  Superconducting  Materials: 
Chronology  of  Events  and  Hallmark  Developments 


by 

William  E.  Hatfield 

Department  of  Chemistry 
The  University  of  North  Carolina 
Chapel  Hill,  North  Carolina  27599 


Prepared  for  publication  in 

High  Temperature  Superconducting  Materials;  Preparations, 

Properties  and  Processing 

William  E.  Hatfield  and  John  H.  Miller,  Jr. ,  Editors 
New  York:  Marcel  Dekker ,  Inc.,  1988 


Reproduction  in  whole  or  in  part  is  permitted  for  any 
purpose  of  the  United  States  Government 


*This  document  has  been  approved  for  public  release  and  sale, 
its  distribution  is  unlimited. 


*This  statement  should  also  appear  in  Item  3  of  Document  Control™ 
Date  -  DD  Form  1473.  Copies  of  the  form  are  available  from 
cognizant  contract  administrator.  1  TAB 


Atfc  i 


88  1  26  054 


□  □ 


THE  ADVENT  OF  HIGH  TEMPERATURE  SUPERCONDUCTING  MATERIALS: 
CHRONOLOGY  OF  EVENTS  AND  HALLMARK  DEVELOPMENTS 

WILLIAM  E.  HATFIELD  University  of  North  Carolina  at  Chapel  Hill 
Chapel  Hill,  North  Carolina  27599 


1  DISCOVERY  OF  SUPERCONDUCTIVITY 

It  has  been  known  from  the  earliest  experiments  on  the  electrical 
properties  of  conductors  chat  the  electrical  resistivity  of  a 
metal  decreases  when  it  is  cooled.  At  20  to  30  K  the  resistance 
usually  becomes  constant  at  a  value  determined  by  the  purity  of 
the  metal  and  the  crystalline  perfection  of  the  specimen  being 
measured.  When  metals  are  cooled  to  even  lower  temperatures  some 
of  them  exhibit  an  abrupt  drop  in  resistivity  and  enter  a  state 
in  which  there  is  no  resistance  to  the  flow  of  current.  This  new 
state  was  first  discovered  in  mercury  by  H.  Kammerlingh  Onnes  at 
the  University  of  Leiden  in  the  spring  of  of  1911  (1).  Kammerli¬ 
ngh  Onnes  noted  that  upon  cooling  below  4.2  K,  "Mercury  has 
passed  into  a  new  state,  which  on  account  of  its  extraordinary 
properties,  may  be  called  a  superconductive  state". 

The  temperature  at  which  the  transition  to  the  supercon¬ 
ducting  state  occurs  is  designated  T^ .  More  than  25  metallic 


elements  superconduct  at  ambient  pressure,  and  several  more  do 


when  placed  under  high  pressure.  Transition  temperatures  for 
some  representative  superconducting  elements  are  given  in  Table 

1  (2).  There  are  several  thousand  superconducting  alloys  (3), 
and  the  highest  transition  temperature  achieved  before  1986  was 
23.2  K  for  Nb^Ge  (4).  In  late  1986  and  early  1987  there  were 
tremendous  advances  made  in  the  discovery  and  characterization  of 
new  high  temperature  superconducting  materials,  and  there  are  now 
reports  of  superconducting  transitions  above  room  temperature. 

The  chronology  of  events  and  hallmark  developments  that  led 
to  the  advances  in  high  temperature  superconductivity  are  briefly 
sketched  in  this  tutorial  paper.  By  necessity,  certain  terms  are 
briefly  defined  and  fundamental  concepts  are  tightly  skectched  as 
they  are  encountered  in  the  chronology.  More  detailed  treatments 
of  the  physics  of  superconductors  and  the  structural  and  electro¬ 
nic  properties  of  high  temperature  superconducting  materials  are 
presented  in  the  following  papers  by  J.  H.  Miller  and 
M.-H.  Whangbo. 

2  THE  SIGNATURE  OF  THE  SUPERCONDUCTING  STATE 

Loss  of  Resistivity  An  abrupt  drop  in  resistivity  of  a  metal  at 
a  characteristic  temperature  T  and  an  apparent  absence  of 
resistance  to  the  flow  of  electricity  below  T  ,  as  shown  in 
Figure  la,  are  dramatic  indications  that  the  superconducting 
state  may  be  present.  This  was  the  discovery  made  by  Kammerl ingh 


Table  1.  Supe rconduc t i ng  Transition  Temperatures  for  Some 


Representative  Elements, 


E lement 

Tc>  K 

E  lement 

V  K 

Aluminum 

1.75 

Cadmium 

0.517 

Indium 

3.408 

Iridium 

0.113 

Lead 

7.196 

Mercury-a 

4.154 

Molybdenum 

0.915 

Niobium 

9.25 

Osmium 

0.66 

Protactinium 

1.4 

Rhenium 

1.697 

Ruthenium 

0.49 

Tantalum 

4.47 

Technetium 

7.8 

Thai lium 

2.38 

Thorium 

1.38 

Tin 

3.722 

Titanium 

0.40 

Tungsten 

0.0154 

Vanadium 

5.40 

Zinc 

0.85 

Zirconium 

0.61 

Onnes  in  1911. 

There  are  problems  with  the  experimental 

work. 

Below  T  ,  R  = 
c 

0,  and  from  Ohm's 

law,  V  =  IR,  then  V 

is  also  equal 

to  zero.  Very 

low,  but  finite, 

resistivities  are 

difficult  to 

determine  in  the  laboratory,  where,  typically,  the 

voltage  is 

measured  in  a 

circuit  at  a  constant  applied  current 

,  and 

the 

resistance  and 

resistivity  are 

calculated.  Since  thermoelectric 

effects  affect 

the  measurement 

of  vanishingly  small 

voltages,  it 

I 

I' 

£ 
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is  easy  to  see  why  the  measurement  of  very  small  resistivities  is 
subject  to  many  sources  of  experimental  error. 


THERMOPOWER  RESISTANCE 


l\\ 


time.  The  current  _I(t_)  flowing  in  the  ring  at  time  _t  is  given  by 
Lenz's  law,  which  states  that 

-A(dB/dt)  =  RI(t)  +  L[dl(t)/dt]  (_1) 

where  A  is  the  area  of  the  ring,  R  is  the  resistance,  and  L  is 
the  inducatance  of  the  ring.  If  there  is  no  external  applied 
magnetic  field,  then  (O  becomes  the  differential  equation 

RI(t)  +  L[dl(t)/dt]  =  0  (2) 

which  has  the  solution 

I ( t )  =  I(0)exp(-Rt/L)  (3) 

Thus,  the  current  in  the  ring  exponentially  decays  in  the  absence 
of  an  external  changing  magnetic  field,  and  it  eventually 
vanishes . 

However,  if  the  ring  in  Figure  2  becomes  superconducting, 
then  R  =  0  and  I_(t.)  =1(0).  In  other  words,  the  current  does  not 
decay  with  time!  This  current  is  called  the  persistent  current, 
and  the  circulation  of  the  current  gives  rise  to  a  magnetic 
field.  Persistent  currents  remain  without  change,  within  the 
limits  of  detection  by  the  most  sensitive  modern  instruments,  for 
many  years.  This  property  of  superconducting  materials  is  very 
important  for  high-field  magnets  such  as  those  used  in  NMR 
spec  trometers . 

Abrupt  Change  in  Specific  Heat  The  abrupt  increase  in  specific 

heat  at  T  that  occurs  for  superconductors  is  shown  in  Figure  lb 
c 

where  it  may  be  seen  that  the  temperature  dependence  of  the 
specific  heat  in  the  superconducting  state  is  very  much  different 
from  that  in  the  normal  state.  The  electronic  specific  heat 


SWAi-y/. 
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Figure  2.  Schematic  representation  of  a  superconducting  ring  in 

(a)  the  normal  state  in  a  magnetic  field  showing  some  flux  lines, 

(b)  in  the  superconducting  state  with  a  current  shown  in  the 
ring,  and  (c)  in  the  superconducting  state  with  the  persistent 
current  indicated. 


above  Tc  is  given  by 

C  =  yT  (4) 

en  — 

and  that  well  below  T  is  described  well  by 

c 

C  =  /T  a  exp( -bT  /T)  (5) 

es  c  c  ~ 

where  a  and  b  are  experimental  constants  of  about  10  and  1.5, 
respectively.  The  exponential  dependence  of  the  specific  heat  in 
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the  superconducting  state  suggests  an  average  excitation  energy 
of  l.SkT^,  or  in  other  words,  the  specific  heat  results  suggest 
the  existence  of  a  gap  in  the  electronic  structure.  The  success 
of  the  theory  by  Bardeen,  Cooper,  and  Schrieffer  (BCS  theory)  (5) 
in  describing  this  gap  and  the  other  fundamental  properties  of 
superconductors  will  be  discussed  in  the  next  paper  in  these 
proceedings . 

The  existence  of  a  gap  has  been  confirmed  spectroscopically 
(6),  and  found  to  be  about  twice  that  of  the  thermal  gap  (6b, c). 
This  may  be  understood  if  the  electrons  occur  as  pairs  with  the 
spectroscopic  result  giving  the  average  energy  required  to  create 
a  pair  of  excitations  while  the  thermal  result  gives  the  energy 
per  statistically  independent  particle. 

Thermopower  and  Thermal  Conductivity  If  a  metal  in  the  normal 
state  is  subjected  to  a  temperature  gradient  oT,  an  electric 
field  E  will  be  developed  with  the  thermopower  being  defined  as 
oT/E.  As  shown  in  Figure  lc,  the  thermopower  of  a  superconductor 
disappears  at  T  .  This  property  may  be  exploited  in  devices,  say 
as  switches,  when  superconducting  materials  with  high  T^ 1 s  become 
ava  ilable. 

There  is  also  an  abrupt  change  in  thermal  conductivity  at  T^ 
(Figure  Id).  In  some  superconductors  the  thermal  conductivity 
increases  as  the  temperature  decreases  below  T  ,  while  in  other 
superconductors  the  thermal  conductivity  decreases  with  tempera¬ 
ture  below  T^ .  Determination  of  this  property  for  specific 
superconductors  yields  significant  information  concerning  the 
mechanism  of  the  conduction  process. 


3  PERFECT  DIAMAGNETISM  OF  SUPERCONDUCTORS,  THE  MEISSNER  EFFECT 
In  1933,  Meissner  and  Ochsenfeld  (7)  reported  that,  upon  cooling, 
a  magnetic  field  is  expelled  from  a  normal  metal  specimen  when  it 
passes  through  T^  and  becomes  superconducting.  This  is  the 
Meissner  effect.  The  exclusion  of  magnetic  lines  of  flux  from  an 
object  in  the  superconducting  state  is  shown  schematically  in 
Figure  3,  where  a  penetration  depth,  designated  as  X,  is  indica¬ 
ted.  Typical  values  for  X  are  on  the  order  of  50  nm. 

The  intensity,  B,  of  a  magnetic  field  along  a  specific 
direction  i  within  a  body  is  given  by 

B.  =  H.  +  4r,M.  (6) 

iii  — 

where  H  is  the  applied  magnetic  field  and  M  is  the  magnetiza¬ 
tion.  Upon  dividing  through  by  1L,  there  results 


Figure  3.  An  object  in  the  superconducting  state  in  a  magnetic 
field.  The  penetration  depth,  X,  is  indicated  by  the  dashed 


■  vr »  w  t  - «  .i  :  j  r.  .  m  w  *r*  km  w^knM  r.rt  r.. 


u rji  r.jrnj*  ^ r^»  r/j/.Y.vjvw^1  >TJ  V\J  wwy  r*FV FV ^"Wrx^icrxr  *r. i 


B./H.  =  1  +  4r,(M.  /H.  )  (6a) 

where  che  ratio  M^/H^  is  the  susceptibility  of  the  body  towards 
induction  in  a  field  of  strength  H..  The  ratio  is  the  volume 

l 

magnetic  susceptibility  and  it  is  denoted  by  X.  When  placed  in 
an  inhomogeneous  magnetic  field,  a  diamagnetic  substance  will 
tend  to  move  toward  the  weakest  region  (lowest  density  of 
magnetic  lines  of  force)  of  the  inhomogeneous  field,  while  a 
paramagnetic  substance  will  tend  to  move  toward  the  strongest 
region  of  the  magnetic  field. 

Since  B  =  0  for  superconductivity,  then  the  lowest  energy  of 
the  system  is  achieved  when  the  superconducting  body  is  in  the 
weakest  region  of  the  magnetic  field.  The  volume  of  the  bulk 
superconducting  sample  is  much  larger  than  the  volume  of  the 
penetration  shell,  B  =  0,  and 

X.  =  -1/47;  (7) 

l  — 


Figure  4.  The  phase  diagram  for  a  superconductor  which  shows  the 
variation  of  the  critical  field  with  temperature. 
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Thus,  perfect  superconduc tors  exhibit  perfect  diamagnetism  with  a 
value  of  — 1 / 4  — , . 

The  Meissner  effect  is  reversible,  and  the  temperature  of 
the  transition  from  the  normal  state  to  the  superconducting  state 
is  dependent  on  the  strength  of  the  applied  magnetic  field.  The 
critical  field  is  related  to  the  thermodynamic  energy  differ¬ 
ence  between  the  normal  and  superconducting  states.  This  energy 
difference  is  called  the  condensation  energy  of  the  superconduc¬ 
ting  state.  The  temperature  dependence  of  the  critical  field  is 
given  by 

H  (T)  =  H  (0)[1  -  (T/T  )2]  (8) 

c  c  c  — 

and  the  phase  diagram  traced  out  by  Equation  (8)  is  shown  in  Fi¬ 
gure  4,  where  it  may  be  seen  that  the  critical  field  H  *  0  at  T 

c 

=  T  .  The  transition  at  zero  field  is  second  order,  but  the 
c 

transition  in  Lhe  presence  of  an  applied  magnetic  field  is  first 
order,  since  there  are  discontinuities  in  state  properties  as 
well  as  an  associated  latent  heat. 

In  superconducting  substances,  a  few  elements  and  most  alloys 
and  compounds  exhibit  an  incomplete  Meissner  effect  and  have 
broad  magnetic  transitions.  These  properties  may  be  understood 
in  terms  of  the  theoretical  developments  which  were  evolving 
s imu 1  a t aneous 1 y  with  the  experimental  advances. 


4  THEORETICAL  DEVELOPMENTS 


London  Theory  The  discovery  of  the  Meissner  effect  was  soon 


followed  by  the  work  of  F.  London  and  H.  London  (8),  who  proposed 


Chat  the  flux  density  B^  at  a  point  x  within  a  superconductor  is 
given  by 

d2B(x)/dx2  =  B(x)/Xl2  (9) 

where  X^  is  the  London  penetration  depth.  The  solution  of  the 
differential  equation  in  one  dimension  gives 

B(x)  =  B ( 0 )  expC-x/X^)  ( 10) 

which  shows  that  the  flux  density  decreases  exponentially  within 
the  surface  layer  and  essentially  disappears  when  x  is  much 
greater  than  X^,  a  result  which  accounts  for  the  Meissner 
effect.  The  London  penetration  depth  is  given  by 

XT  =  ( me 2/4-,N  e2)I/2  Up 

L  S 

21  3 

If  is  taken  to  be  9  x  10  e/cm  ,  a  commonly  accepted  value 

for  the  number  density  of  conduction  electrons,  X  is  on  the 

L 

—6 

order  of  10  cm.  Values  on  this  order  of  magnitude  are  obtained 
for  many  superconductors  in  weak  magnetic  fields. 

Non-local  Generalization  of  London  Theory  The  London  theory  was 
unable  to  account  for  the  properties  of  a  number  of  supercon¬ 
ductors,  and  it  was  necessary  to  modify  the  theory.  Pippard  (9) 
presented  a  successful  model  which  is  based  on  the  uncertainty 
principle  and  the  energy  distribution  of  the  electrons.  The 
model  recognizes  that  only  those  electrons  with  energy  within  kT^ 
of  the  Fermi  energy  will  be  involved  in  phenomena  that  occurs  at 


T  ,  and  that  those  electrons  have  the  Fermi  velocity  v  .  Thus, 


from  the  uncertainty  principle,  the  range  of  mome 


nta  is  £>p  = 


kT^/v^,,  and  the  range  in  position,  or  the  characteristic  length 


of  the  wavepacket  ,  is  given  by 


5  =  ahvF/2nkTc  02) 

where  a  is  a  constant  of  the  order  of  unity  and  must  be  determin¬ 
ed  experimentally.  Experiments  on  tin  and  aluminum  (10)  yield  a 
value  for  a  of  0.15.  BCS  theory  yields  a  value  of  0.18  for  the 
parameter  a. 

Two  Types  of  Superconductors  It  is  possible  to  conclude  immedi¬ 
ately  from  the  discussion  in  the  previous  sections  that  there  are 
two  types  of  superconductors,  one  type  which  may  be  described  by 
the  nonlocalized  modification  of  the  London  model,  and  a  second 
type  by  the  original  localized  London  model.  These  are  called 
Type  I  and  Type  II  superconductors,  respectively,  and  they  may  be 
differentiated  by  their  properties  in  an  applied  magnetic  field. 
It  is  most  revealing  to  consider  the  two  types  of  superconductors 
in  view  of  the  additional  theoretical  developments  presented  in 
the  following  sections. 

Ginzburg-Landau  Theory  and  Abrikosov's  Reversal  In  1950 
Ginzburg  and  Landau  (11)  presented  a  hybrid  quantum  mechanical- 
phenomenological  treatment  based  on  a  complex  wave  function  for 


| 

n 


the  superconducting  electrons  utilizing  the  variational  princi¬ 
ple.  The  theory  introduced  a  temperature-dependent  coherence 
length  £;(T),  which  is  the  same  as  the  Pippard  coherence  length 


far  from  T  ,  but  which  diverges  at  T  .  The  theory  was  successful 
since  it  provided  an  explanation  for  the  intermediate  state  of 
Type  I  superconductors  which  will  be  discussed  below. 


For  typical  pure  superconductors,  X^  is  approximately  50  nm, 

is  about  300  nm,  and  the  ratio  X  =  X/ £,  which  is  a  small 

GL 


number,  is  che  Ginzburg-Landau  parameter.  The  surface  energies 

implied  by  these  dimensions  are  important  in  defining  the  domains 

of  superconducting  and  normal  phases  and  the  intermediate  state. 

The  difference  in  surface  energy  between  the  superconducting  and 

2  .  . 

normal  state  is  on  the  order  of  £H  / 87,,  while  the  diamagnetic 

c 

2 

energy  loss  is  XH  /8^.  The  positive  surface  energy  results  in  a 
c 

domain  pattern  for  the  intermediate  state  of  a  Type  I  supercon¬ 
ductor  with  dimensions  ranging  from  the  microscopic  coherence 
length  t,  and  the  macroscopic  sample  size. 

Arbikosov  (12)  considered  the  reverse  situation  in  which  X  > 
and  X  is  large.  It  is  clear  that  the  opposite  situation  from 
that  described  in  the  preceding  paragraph  must  arise.  That  is, 
the  subdivision  into  domains  proceeds  until  it  is  limited  by  the 
microscopic  length  i.  Superconductors  which  exhbit  this  property 
are  called  Type  II  superconductors.  There  are  two  critical 
fields  for  these  superconductors.  Consider  the  case  of  an 

initially  superconducting  body  in  an  increasing  applied  magnetic 

c 

field.  At  the  critical  field  H  there  is  the  onset  of  flux 

penetration,  and  this  flux  penetration  increases  with  the  applied 

magnetic  field  until  a  second  critical  field  H  „  is  reached.  At 

c  2 

values  of  the  applied  field  above  H  _  the  body  becomes  normal. 

c  2 

Since  the  energy  required  to  exclude  the  magnetic  field  is 
reduced  as  a  result  of  partial  flux  penetration,  then  Type  II 
superconduc ing  materials  may  have  large  values  of  This 

property  has  permitted  the  utilization  of  superconducting 
materials  in  high-field  solenoids  and  magnets. 


Cooper  Pairs  Interactions  between  electrons  in  a  metal  in  the 
normal  state  are  usually  ignored,  and  the  resulting  free  electron 
model  may  be  used  to  describe  a  wide  range  of  properties  of 
metals.  Interactions  between  electons  can  not  be  ignored  in 
superconducting  state.  In  the  superconducting  state  some  of  the 
electrons  are  bound  together  in  pairs  known  as  Cooper  pairs 
(13).  The  Cooper  pairs  are  governed  by  certain  requirements  of 
quantum  mechanics,  the  most  important  of  which  may  be  the 
requirement  that  all  of  the  Cooper  pairs  have  the  same  value  of 
total  momentum.  It  may  be  shown  that  this  property  leads  to  the 
static  electromagnetic  properties  of  zero  resistance,  Meissner 
effect,  and  others.  Other  unpaired  electrons  can  exist  simultan¬ 
eously  with  the  Cooper  pairs  in  the  superconducting  state,  but 
the  unpaired  electrons  are  like  electrons  in  the  normal  state. 
Currents  carried  by  them  are  resistive,  and  their  contributions 
to  the  magnetic  susceptibility  are  very  small.  A  Cooper  pair  is 
more  stable  than  two  unpaired  electrons  by  the  amount  of  the 
binding  energy.  This  is  energy  of  the  superconducting  gap 
introduced  above. 

Theory  assumes  that  all  of  the  electrons  in  a  superconducting 
body  are  paired  into  Cooper  pairs  at  0  K  in  the  absence  of  an 
applied  magnetic  field  and  an  electric  current.  The  Cooper  pairs 
are  broken  up  when  energy  is  supplied  to  the  metal,  for  examples, 
by  application  of  an  external  magnetic  field  or  by  increasing  the 
temperature.  The  population  of  unpaired  electrons  is 
proportional  to  exp(-E/kT).  This  provides  an  explanation  for 


many  of  the  properties  of  superconducting  substances,  such  as  the 
exponential  dependence  of  the  specific  heat,  described  above. 

It  is  now  possible  to  present  a  simple  picture  of  a  mecha¬ 
nism  for  superconductivity  and  the  Cooper  pairs.  Consider  one 
electron  which  is  moving  through  the  lattice  of  positive  ions. 

The  negative  field  of  the  electron  polarizes  and  distorts  the 
lattice  of  positive  ions  shown  in  Figure  5a  to  yield  a  region  of 
excess  positive  ions  (Figure  5b)  which,  in  turn,  attracts  the 
second  electron  and  yields  an  effective  attractive  interaction 
between  the  two  electrons.  If  the  attractive  interaction  is 
greater  than  the  Coulomb  repulsion,  then  superconductivity 
results.  The  role  of  electron-lattice  interactions  in  the 
mechanism  for  superconductivity  was  first  investigated  by 
Frohlich  (14),  and  the  suggestion  was  confirmed  experimentally  by 
the  demonstration  of  an  isotope  effect  on  T^  and  (15). 

An  explanation  may  also  be  presented  for  the  long  lifetime 

of  the  persistent  current.  Since  the  flux  is  quantized,  the 

current  cannot  decrease  by  an  infinitesimal  amounl,  but  only  by  a 

quantized  amount.  Furthermore,  superconductivity  is  a  collective 

phenomenon,  and  the  wave  function  involves  all  of  the  Cooper 

pairs.  Thus,  the  quantized  jump  requires  a  simulataneous  event 
20 

of  about  10  pairs.  Such  an  event  is  extremely  improbable,  and 
there  is  no  decay  of  the  persistent  current. 

Bardeen,  Cooper,  Schrieffer  (BCS)  Theory  The  theory  of  supercon¬ 
ductivity  proposed  by  Bardeen,  Cooper,  and  Schrieffer  (5)  in 
1957,  and  which  has  been  extended  and  refined  by  numerous 
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Figure  5.  A  simple  model  which  shows  the  attraction  of  an 
electron  to  a  lattice  distortion. 


subsequent  studies,  has  been  successful  in  explaining  essentially 
all  of  the  phenomena  associated  with  the  superconduc t ing  state. 
Such  phenomena  include  specific  heat,  critical  fields,  tunnel¬ 
ling,  and  others.  In  addition,  predictions  by  the  theory  have 
stimulated  exploratory  experimental  work  which  has  resulted  in 
uncovering  new  phenomena  associated  with  the  superconducting 
state.  A  detailed  examination  of  BCS  theory  will  be  given  in  the 

next  paper  (17).  Here,  only  predictions  concerning  T  will  be 

c 

considered . 

In  BCS  theory,  the  transition  to  the  superconducting  state 
is  given  by 

k  T  *  (h/2r>)  ui  exp  {  - 1  /N( 0)V]  (13) 

BC  O 

where  jjq  is  the  Debye  frequency  of  the  lattice,  N(0)  is  the 
density  of  states  at  the  Fermi  surface,  and  V  is  the  effective 
electron-electron  attraction.  McMillan  (18)  gives  Equation  (14) 
for  strongly  coupled  superconductors 

Tc  =  (0  /1.45)exp[-1.04(l  +  X>/(  X  -  P*(l  +  <id>X/u  ))  (_14 
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where  ©D  is  Che  Debye  temperature,  <u>  is  the  average  phonon 
* 

energy,  and  p  is  a  Coulomb  pseudo-potential.  The  parameter  A  is 
related  to  the  electronic  density  of  states  through  the  equation 


X  =  N(0)<I2>/M<uj2> 


(15) 


where  <1  >  is  an  electron-phonon  matrix  element  averaged  over  the 

2 

Fermi  surface,  M  is  the  atomic  mass,  <w  >  is  the  mean  square 
phonon  frequency. 

Equation  (13)  yields  clues  concerning  enhancement  of 
superconduction  transition  temperatures.  The  Debye  frequency  may 
be  obtained  from  a  model  in  which  the  positive  ions  of  mass  M  are 
attached  to  lattice  points  by  springs  having  a  force  constant  k. 

F rora  Hooke  1 s  law 

w  =  (k/M)1/2  (16) 

o  — 

If  the  force  constant  is  increased,  then  it  may  be  seen  from 

Equation  (13)  that  T  will  increase,  but  there  is  a  correlation 

c 

between  the  force  constant  and  V,  the  electron-electron  attrac¬ 
tion.  An  increase  in  k  will  lead  to  an  increase  in  the  rigidity 
of  the  lattice  and,  in  turn,  to  a  diminished  distortion  of  the 
lattice  by  the  electron.  In  the  rigid  limit  V  will  become  very 

small  and  T  will  vanish.  A  reduction  in  k  will  lead  to  a  softer 
c  — 

lattice,  an  increased  electron-electron  interaction,  and  initial¬ 
ly  an  enhancement  of  T  .  There  is  a  limit  to  enchancement  of  T 

c  c 

by  reducing  k.  At  some  point  the  decrease  in  ai  will  outweigh 
the  benefit  gained  from  the  increase  in  V. 

The  Debye  frequency  can  be  increased  by  decreasing  M,  the 
mass  of  the  positive  ions  in  the  lattice.  This  feature  of  BCS 
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theory  has  stimulated  interest  in  the  design  of  systems  (19) 
which  utilize  electron-hole  pairs  or  excitons,  because  of  their 
small  M's.  Calculations  on  proposed  model  systems  have  led  to 
predictions  of  very  high  temperature  superconducting  transitions 
for  systems  described  by  Equation  (13).  It  is  unclear  at  this 
time  whether  the  new  high  temperature  ceramic  superconductors 
exhibit  BCS-type  superconductivity. 

Josephson  Effect  When  a  voltage  difference  is  applied  between 

two  superconducting  bodies  separated  by  a  insulating  barrier  of 
-8 

about  10  m,  the  unpaired  electrons  are  able  to  tunnel  across 
the  barrier.  The  passage  of  electrons  sets  up  a  current  which  is 
characteristic  of  the  magnitude  and  direction  of  the  voltage 
difference.  If  the  insulating  barrier  is  made  even  thinner,  then 
Cooper  pairs  may  tunnel  from  one  side  of  the  barrier  to  the  other 
side.  However,  there  are  important  differences  in  the  tunneling 
of  unpaired  electrons  and  the  tunneling  of  Cooper  pairs.  The 
current  from  the  Cooper  pairs  flows  with  zero  resistance  as  in  a 
single  superconductor,  and  the  electrons  pass  and  current  flows 
in  the  absence  of  a  voltage  difference.  The  system  of  two 
superconductors  and  a  thin  barrier  behaves  as  a  single  supercon¬ 
ductor.  As  noted  above,  all  Cooper  pairs  must  have  the  same 
momentum  and  their  density  must  be  uniform.  Thus,  the  Cooper 
pairs  pass  through  the  barrier  in  order  to  achieve  a  uniform 
density  and  equal  momentum  in  the  composite  superconducting 
system.  This  behavior  was  predicted  by  Josephson  (16)  when  he 
was  a  graduate  student  at  Cambridge  University. 


The  magnitude  of  the  Josephson  current  is  limited.  If  the 
current  were  above  a  sufficently  large  value,  the  Cooper  pairs 
passing  through  the  barrier  may  have  enough  energy  to  dissociate 
into  unpaired  electrons.  The  unpaired  electrons  do  not  move  with 
zero  resistance,  nor  do  they  move  in  the  absence  of  a  voltage 
difference.  These  physical  constraints  limit  the  magnitude  of 
the  Josephson  current. 

The  Josephson  effect  is  very  sensitive  to  the  presence  of 
external  magnetic  fields.  Changes  of  external  fields  on  the 
order  of  one  part  in  10  ^  may  be  detected.  Josephson  junctions 
are  widely  used  in  ultrasensitive  magnetometers  and  voltmeters. 

5  THE  INTERMEDIATE  STATE  AND  THE  MIXED  STATE 

Effects  of  sample  shape  on  the  internal  magnetic  field  of  a  body 
were  ignored  in  Equation  (6).  They  must  now  be  taken  into 
consideration.  The  magnetic  field  Hl  within  a  body  is  related  to 
the  applied  magnetic  field  H  by  the  relationship 
H1  =  H  -  DM  (_17) 

where  D  is  the  demagnetization  factor  which  depends  on  the  shape 
_if  the  specimen.  For  the  purposes  of  this  discussion,  only 
spherical  bodies,  for  which  D  =  4-—/ 3 ,  will  be  considered. 

Along  a  specific  direction  in  the  magnetic  field,  B  =  H  +  4-M  in 
the  normal  state.  In  the  superconducting  state,  B  =  0,  and  for  a 
Type  I  superconductor  H1  =  -4p,M.  Thus, 

M  =  -H/(4-  -  Dj  (18) 


*  . 


With  D  =  4-/3  for  a  spherical  body,  then 

M  =  -3H/8-  (_1_9 ) 

and 

X  =  -  3  /  8  r,  (20 

Considering  the  spherical  body,  the  maximum  value  of  the  internal 

field  occurs  on  the  equator,  and  it  is  given  by 

HL  =  3H/2  (21) 

This  has  an  important  consequence  for  superconductivity  in  that 

the  applied  magnetic  field  will  exceed  the  critical  field  when 

H  >  2H  /3  (22) 

c  — 

and  regions  of  the  sphere  must  go  normal.  The  entire  sphere 
cannot  go  normal  since  H  <  Hc ;  the  entire  sphere  can  go  normal 
only  when  H  =  .  Therefore,  in  the  region  211^/3  <  H  <  ,  both 

normal  and  superconducting  regions  of  the  material  coexist.  This 
state  is  called  the  intermediate  state.  The  intermediate  state 
consists  of  interleaved  thin  slabs  of  material  in  the 
normal  and  superconducting  states,  and  it  exists  only  in  the 
presence  of  an  applied  magnetic  field. 

THE  MIXED  STATE  The  physical  picture  of  the  mixed  state  between 

H  ,  and  H  „  is  that  of  a  bundle  of  filaments  of  normal-state 
cl  c  2 

material  in  flux  tubes  arranged  parallel  to  the  applied  flux 
lines,  and  these  flux  tubes  are  bathed  in  a  sea  of  superconduct¬ 
ing  material.  A  schematic  representation  of  the  mixed  state  is 
given  in  Figure  6.  Experimental  manifestations  of  the  mixed 
state  include  a  discontinuity  in  the  specific  heat  at  the 
superconducting  state-mixed  state  transition  H  and  an  abrupt 
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Figure  6.  the  mixed  state  of  a  Type  II  superconductor.  The 
normal  filaments  inbeded  in  a  superconducting  mass  are  shown. 


change  in  the  specific  heat  at  the  mixed  state-normal  state 

transition  H  . 

c  2 

.'hi  flux  through  a  normal  filament  is  accompanied  by  an 
electric  current  flowing  around  the  filament  in  a  plane  perpen¬ 
dicular  to  the  filament,  something  akin  to  a  whirlpool.  It  is 
for  this  reason  that  the  normal  filaments  are  called  vortex 
lines.  The  flux  through  a  vortex  line  is  quantized  and  has 
values  equal  to  integral  multiples  of  h/2e,  the  basic  quantum  of 
flux. 


6  HIGH  TEMPERATURE  SUPERCONDUCTING  CERAMIC  MATERIALS 


The  Report  That  Stimulated  the  Current  Interest  On  January  27, 
1986,  Muller  and  Bednorz  (20)  observed  a  strong  decrease  in 
resistivity  upon  cooling  a  bar iura-lanthanun-copper-oxide  ceramic 
material.  This  ceramic,  which  was  reported  by  Michel  and  Raveau 
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(21)  in  1984,  was  selected  for  study  because  it  exhibits  a  number 
of  oxygen-def ic ient  phases  with  mixed  valence  copper  sites.  It 
was  anticipated  that  the  itinerant  electronic  states  between  the 
non-Jahn  Teller  copper(III)  and  Jahn-Teller  copper(II)  ions  would 
have  considerable  e lec t r on-phonon  coupling  and  metallic  conduc¬ 
tivity. 

Precedent  Systems  Superconductivity  had  been  observed  in  other 

conducting  oxides.  The  compound  Li,  Ti„  0,  was  reported  to 

1+x  2 -x  4 

have  an  onset  temperature  of  13.7  K  in  1973  (22),  and  a  T  of  13 

c 

K  was  reported  in  1975  for  BaPb^  B i q  (23).  Both  of  these 

materials  have  mixed  valence  metals  (Ti^+/Ti^+  and  Bi^+/Bi^+), 
and  superconduct ivity  occurs  only  over  a  small  range  of  dopant 
concentration,  x,  with  the  highest  transition  temperatures 
occurring  near  me t a  1 -insu la t or  phase  boundaries. 

The  Confirming  Evidence  In  the  Conclusion  of  their  paper,  Bednorz 

and  Muller  state,  somewhat  tentatively,  that  "Samples  annealed 

near  900  C  under  reducing  conditions  show  features  associated 

with  an  onset  of  granular  superconductivity  near  30  K".  The 

onset  of  superconductivity  was  confirmed  in  single  phase  samples 

of  La„  Ba  CuO, ,  and  the  results  were  announced  in  late  1986  by 
2-x  x  4 

Chu  and  coworkers  in  Houston  (22)  and  Tanaka,  Kitazawa  and 
coworkers  in  Japan  (23).  Based  on  powder  X-ray  diffraction  data, 
the  high  temperature  superconducting  material  with  x  =  0.15  was 
reported  to  be  tetragonal  and  to  have  the  layered  K^NiF^ 
structure.  The  sample  was  prepared  by  a  solid-state  reaction  of 
a  mixture  of  lanthanum  oxide,  barium  carbonate,  and  copper  oxide 


il  temperatures  above  900  C.  The  Japanese  group  found  a  super¬ 
conducting  onset  at  32  K  with  zero  resistance  being  attained  at 
22  K,  with  30%  of  the  sample  showing  bulk  diamagnetism.  The 
Houston  group  found  the  onset  of  superconductivity  to  be  39  K 
with  full  diamagnetism  reached  at  22  K  with  10%  of  the  sample 
fully  superconducting.  The  Houston  group  also  noted  a  sharp 
decrease  in  resistance  near  70  K,  but  the  phase  responsible  for 
the  behavior  was  not  determined.  Both  groups  noted  the  critical 
temperature  was  dependent  on  the  annealing  conditions  of  the 
pressed  pellets.  Best  results  were  obtained  with  pellets 
annealed  under  oxygen  and  then  cooled  in  an  oxygen  atmosphere. 

Communication  of  Results  Following  these  announcements,  there 
began  a  flurry  of  activity  and  many  advances  were  made.  Even 
r/ipid  r  nmmun  i  c  n  I  i  on  in  scientific  journals  was  slow  compared  to 
the  pace  of  discoveries  in  high  temperature  superconductivity. 

However,  newspapers  and  news  magazines  publish  rapidly,  and  much 
of  the  new  information  was  communicated  through  the  pages  of  the 
Wall  Street  Journal,  the  New  York  Times,  Sc ience ,  Chemical  and 
Engineering  News,  and  others  including  the  evening  national  news 
broadcasts.  Sometimes  the  reports  were  premature,  and  some 
erronous  information  was  reported. 

| 

Studies  Under  Pressure  Samples  with  the  l^NiF^  layered  structure 
were  subjected  to  pressure,  and  it  was  observed  that  the  onset 
temperature  was  enhanced  at  a  rate  of  1  deg/kbar.  This  rate  is 

l 

about  100  times  that  of  conventional  superconductors  (24).  Chu 

S 

and  co-workers  suggested  that  the  large  pressure  effect  might  be  | 
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due  lo  Lnterf  ac  ial  supe  rc  onduc  C  i  v  i  ty  (26)  between  a  metal  and  a 
semiconductor  where  pressure  can  modify  the  coupling  between  the 
two  components.  They  also  discussed  the  role  of  the  mixed 
valence  copper  loiis  in  the  superconducting  mechanism. 

It  apparently  occurred  to  several  groups  simultaneously  to 
substitute  strontium  for  barium,  and  there  soon  were  several 
reports  of  near  40  K  superconductivity  (27,28).  Strontium  was 
considered  promising  because  its  ionic  radius  is  closer  to  that 
of  the  lanthanum  ion  than  is  the  radius  of  barium,  and  there 
could  possibly  be  fine  tuning  of  the  copper ( I I I ): copper ( II )  ratio 
without  distortion  of  crystal  structure.  The  calcium  analogue 
was  also  prepared  and  characterized  (28),  where  an  onset  temper¬ 
ature  of  23  K  was  found  for  single  phase  La^  g5Cag  15°4‘  0t1  che 

basis  of  the  pressure  studies  by  Chu  and  coworkers  and  arguments 
concerning  internal  pressure,  it  is  not  surprising  that  the 

calcium  doped  system  has  a  suppressed  T  . 

c 

The  next  logical  experimental  tack  was  to  replace  the 
lanthanum  ion  by  other  dopants,  and  early  successful  syntheses 
utilizing  yttrium  yielded  polyphasic  material  samples  with 
transition  temperatures  in  excess  of  90  K  (29).  The  superconduc¬ 
ting  phase  was  identified  as  a  black  material  with  formula 

YBa.Cu.O  (where  y  is  now  given  as  [7  -  x] )  (30).  The  timeline 
2  3  y 

for  research  developments  on  high  temperature  superconductors  is 
given  later  in  these  proceedings  by  Painter,  et  al. 

Processing  and  Applications  For  superconducting  materials  to  be 
useful  in  devices  they  must  carry  substantial  electrical  currents 


and  they  must  withstand  relatively  large  applied  magnetic 
fields.  In  May,  1987  workers  at  IBM's  Thomas  J.  Watson  Research 
Laboratory  prepared  a  thin-film  crystalline  specimen  of  the  high 
T  material  and  found  LhaL  it  could  conduct  100,000  amperes  per 
square  centimeter  at  77  K.  The  goal  is  1,000,000  amperes  per 
square  centimeter.  This  result  points  to  applications  of  the 
these  new  materials,  for  example  in  SQUIDS,  as  demonstrated  by 
IBM  and  the  National  Bureau  of  Standards. 

Much  effort  has  been  expendend  in  attempts  to  make  wires  out 
of  the  ceramic  materials.  The  approach  at  AT&T  Bell  Laboratories 
was  to  place  the  powdered  oxide  in  a  thin  metal  tube,  which  was 
then  stretched,  shaped,  and  fired  to  yield  a  superconducting 
"wire",  while  at  Argonne  the  powder  was  mixed  with  a  binder, 
shaped,  and  fired.  The  binder  burned  away  during  the  firing 
process,  and  the  superconducting  wire  was  left  as  shaped. 

There  are  numerous  applications  for  high  temperature 
superconducting  materials.  Superfast  computers  could  be  produced 
using  Josephenson  junctions  which  are  more  than  10  times  as  fast 
as  conventional  switches.  Small,  but  more  powerful  magnets  could 
be  produced  from  superconducting  wires,  and  these  could  be  used 
in  numerous  transportable  devices  currently  not  possible  with 
heavier  conventional  systems.  Frictonless  devices,  including 
levitated  trains,  may  also  be  envisaged.  A  detailed  considera¬ 
tion  of  applications  of  high  temperature  superconductors  is 
presented  by  Blaugher  in  a  later  paper  in  these  proceedings. 
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